Cardiac arrhythmia is a major cause of mortality in cardiovascular pathologies. A host of drugs targeted to sarcolemmal Na + , Ca 2+ , and K + channels have had limited success clinically. Recently, Ca 2+ signaling has been target of pharmacotherapy based on finding that leaky ryanodine receptors elevate local Ca 2+ concentrations causing membrane depolarizations that trigger arrhythmias. Here we report that xanthohumol, an antioxidant extracted from hops showing therapeutic effects in other pathologies, suppresses aberrant ryanodine receptor Ca 2+ release. The effects of xanthohumol (5-1000 nM) on Ca 2+ signaling pathways were probed in isolated rat ventricular myocytes incubated with Fluo-4AM using the perforated patch-clamp technique. We found that 5-50nM xanthohumol reduced the frequency of spontaneously occurring Ca 2+ sparks (>3 fold) and Ca 2+ waves in control myocytes and in cells subjected to Ca 2+ overload caused by: (1) exposure to low K + solutions, (2) periods of high frequency electrical stimulation, (3) exposures to isoproterenol or (4) caffeine. At room temperatures, 50-100nM xanthohumol reduced the rate of relaxation of electrically-or caffeine-triggered Ca 2+ transients, without suppressing ICa, but this effect was small and reversed by isoproterenol at physiological temperatures. Xanthohumol also suppressed the Ca 2+ content of the SR, and its rate of recirculation. The stabilizing effects of xanthohumol on the frequency of spontaneously triggered Ca 2+ sparks and waves combined with its anti-oxidant properties, and lack of significant effects on Na + and Ca 2+ channels, may provide this compound with clinically desirable antiarrhythmic properties.
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Introduction
Xanthohumol, a prenylated chalcone, is one of the principal flavonoids present in hop-plant cone extracts. Flavonoids have been reported to have therapeutic effects as: Anti-proliferative in human breast cancer (Dorn et al., 2012; Dorn et al., 2013; Yang et al., 2013; Yui et al., 2014; Weiskirchen et al., 2015) , colon cancer (Goncalves et al., 2011) , ovarian cancer (Drenzek et al., 2011) , and in preventing cancerous cells growth through inhibition of cytochrome P450 enzymes (Yuan et al., 2014) . Xanthohumol may also counteract the LDL-induced oxygen damaging effects (Stevens et al., 2003) , improve neuronal plasticity (Zamzow et al., 2014) and produce therapeutic effects against arteriosclerosis (Hirata et al., 2012) and osteoporosis (Suh et al., 2013) .
Aberrancies in cardiac Ca 2+ signaling have been associated with development of arrhythmia. For instance, increases in frequency of Ca 2+ sparks, triggering Ca 2+ waves, are known to activate depolarizing currents responsible for early or late after depolarizations (EADs, or DADs) and arrhythmias (Venetucci et al., 2008) . The regulation of Ca 2+ release from the SR is mediated not only by binding of Ca 2+ to RyR2, but also by the host of regulatory proteins that include calmodulin, protein kinase A (PKA), FK506-binding protein (FKBP12.6), Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), protein phosphatases (calcineurin), and junctional and luminal SR proteins junctin, triadin and calsequestrin (Franzini-Armstrong et al., 1997; Lanner et al., 2010) . In addition, mitochondrial-derived reactive oxygen species (ROS) have been reported to modulate RyR2-mediated Ca 2+ spark activity, supporting the possibility that local control of SR Ca 2+ release is regulated partially by mitochondrial ROS production (Yan et al., 2008; Zhou et al., 2011) .
The inhibition of the spontaneous releases of Ca 2+ (i.e. leaky RyRs) is proposed to be critical in the pharmacotherapy of arrhythmias, as reported recently for clinical use of flecanide JPET #236588 (Watanabe et al., 2011) . In ischemia-reperfusion induced arrhythmias, experimental evidence also suggests deleterious effects arising from mitochondrial Ca 2+ overload, ROS generation and opening of permeability transition pore (mPTP) that leads to overactive RyR2 activity, causing local membrane depolarizations (Brookes et al., 2004; Halestrap et al., 2004; Di Lisa et al., 2011; Rasola et al., 2011) . It is thought that these depolarizations propagate from cell to cell and can be effectively suppressed by free oxygen radical scavengers (Davidson et al., 2012) .
Here we have examined the effects of xanthohumol by measuring its effects on the modulation of cardiac Ca 2+ signaling. Our studies suggest that xanthohumol suppresses the aberrant spontaneous activity of the RyR2, and as such may serve as a candidate for treatment of arrhythmia.
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Materials and Methods
General experimental approach
Effects of xanthohumol on cardiac Ca 2+ signaling were evaluated in enzymatically dispersed ventricular myocytes that were subjected to field stimulation or voltage-clamp depolarizations in the whole-cell, perforated patch configuration to activate Ca 2+ current (ICa) and SR Ca 2+ release. The cells were incubated with fluo-4AM for 30 minutes to allow fluorometric imaging of Ca 2+ sparks and measurements of whole-cell Ca 2+ transients. Rapid perfusion of caffeine was used to release and SR Ca 2+ stores and assess their size (Cleemann et al., 1991) .
Xanthohumol was tested in the range from 5 nM to 1 µM and was used routinely either with acute application of 50nM of the drug or by incubation of cells in 10nM xanthohumolcontaining solutions for 30 minutes. All cells were first perfused with Tyrode's solution (137mM NaCl, 10mM HEPES, 10mM Glucose, 5.4mM KCl, 2mM CaCl, 1mM MgCl) and thereafter were subjected to: a) different rates of stimulation, b) isoproterenol (100 nM), c) solutions with little or no K + (0 or 1.5 mM), and d) different temperatures (25 o C or 35 o C) in the absence or presence of xanthohumol. Each experimental condition was typically sustained for 2 to 8 min to achieve equilibration. To avoid cell damage due to continues light exposure, recordings were generally performed for intervals of only 5-10 sec but repeated every minute. Cells challenged with isoproterenol or low K + typically developed more abundant spontaneous Ca 2+ sparks and interdispersed irregular whole cell Ca 2+ transients, especially in the absence of xanthohumol.
Measurements of ROS were also carried out using the oxygen-radical sensitive dye H2DCFDA (5µM). Here, the effect of the xanthohumol was compared with the antioxidant Nacetyl cystein (10mM).
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A Noran Odyssey XL rapid two-dimensional laser scanning confocal microscope (Noran Instruments, Madison, WI, USA; Zeiss Axiovert TV135) was used with a ×63 water-immersion objective, λex = 488nm and λem > 515nm to measure kinetics and subcellular distribution of fluorescence signals (Cleemann et al., 1998) . Ca 2+ was imaged with fluo-4 after 20-30 min incubation with fluo-4AM (2 µM). ROS was measured by incubating cells with H2DCFDA (5µM for 30min) which is cleaved by esterases to form less permeant 2',7'-dichlorodihydrofluorescein (DCDHF) and is then oxidized by free radical compounds to fluorescent 2',7'-dichlorofluorescein (DCF) (Hempel et al., 1999) . Fluorescence images of ROS were recorded at low fluorescence intensity and frame rate (~1 Hz) and required considerable signal averaging (Fig.1) .
The weak fluorescence of xanthohumol (50-1000 µM) allowed its uptake and subcellular mitochondrial distribution (λex = 405nm) and colocalization with to be monitored at 0.2 Hz in dual channel recordings with a LEICA microscope (TIRF DMI6000 B, 63× oil-immersion objective, Leica Microsystems, Buffalo Grove, IL) equipped with an Andor iXon3 camera (512 × 512 pixels of 0.254 x 0.254 µm 2+ , Andor technology, Belfast, UK) and operating in the epi-fluorescence mode (Fig. 2 ). Ca 2+ sparks (Fluo-4, λex = 488nm) were also measured with the Leica DMI6000 microscope in the epi-fluorescence mode but now operating at 60-100 frames/sec. In these experiments ( Fig. 3 , 4A-C, and Supplementary Figs. S2, S4, S5), the average baseline fluorescence intensity (F0) was calculated from several frames without indication of spontaneous Ca 2+ signals in the form of sparks or waves. Images were filtered by 2 pixel × 2 pixel averaging. The amplitudes of the Ca 2+ -dependent cellular fluorescence signals were quantified as ΔF/F0, where ΔF is the change in fluorescence measured within selected regions of interest. The time constant of decay of Ca 2+ transients (Tau) was estimated by approximation with a single exponential.
Global intracellular Ca 2+ measurements in field-stimulated and voltage-clamped cells.
Whole-cell Ca 2+ transients occurring spontaneously or evoked electrically by field stimulation or voltage-clamp depolarizations or by rapid application of caffeine (2.5 mM for 0.5 or 1 s) were measured fluorometrically after incubating the cells in fluo-4AM (2µM) for 30 minutes. The dye was excited by 460 nm light from a LED-based illuminator (Prismatix, Modiin Ilite, Israel) and Ca 2+ -dependent fluorescent light (>500nm) was detected with a photomultiplier tube that was placed behind a moveable, adjustable diaphragm, which served to limit the area of detection to the voltage-clamped cell. The cellular fluorescence signals (ΔF/F0) were normalized by dividing the changes in whole-cell fluorescence (ΔF) with the baseline fluorescence (F0).
Statistical analysis
Data are reported as means ± S.E. Comparisons were done using one-way analysis of variance and the posterior Turkey's multiple comparison test or Bonferroni's multiple comparison test, Newman-Keuls Multiple Comparison Test. Also paired and unpaired t test were realized when data requested. Levels of significance are indicated by one or more asterisks (p< 0.05 *, p<0.01 **, p<0.001). Measured parameters (Magnitude and Tau of Ca 2+ transients, the number of spontaneous Ca 2+ release events of Ca 2+ transients, and ICa) were generally normalized (Norm) relative to values measured under control conditions, i.e. in the absence of xanthohumol and isoproterenol to eliminate variability from cell to cell .
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Results
Xanthohumol reduces ROS generation
ROS production was evaluated from the rate of increase in DCF fluorescence (Hempel et al., 1999) in ventricular myocytes incubated with H2DCFDA. Under these conditions, exposure of myocytes to xanthohumol (50nM) reduced the slope of both uncompensated (Fig. 1A, upper panel) and background-compensated (lower panel), fluorescence signal consistent with the antioxidant property of xanthohumol. Fig. 1B and C, also show comparison of xanthohumol to another anti-oxidant, n-acetyl cystein, on a pair of ventricular myocytes, incubated with H2DCFDA, and exposed to laser light and low K + solutions. The low K + solution-induced increase of the DCF signal was effectively suppressed by application of 50nM xanthohumol, the effect of which persisted even after washout of xanthohumol. Similarly, but at higher concentration (10mM) n-acetyl cystein also suppressed the low K + -induced increase of the DCF signal (Fig. 1C ), but its washout rapidly reversed the DCF signal, reflecting possibly different cellular compartmentation of n-acetyl cystein and xanthohumol.
Intracellular localization of Xanthohumol
We took advantage of weak fluorescence of xanthohumol (300 nM, λex = 405 nm) to determine its uptake (green trace) and mitochondrial compartmentation as seen in Fig. 2 in fluorescence images recorded in rat ventricular cell after 5 (∆XD1), and 7 min (∆X2, ∆X2D) both before and after addition (*) of the mitochondrial marker MitoTracker-Red (1 µM, λex = 405 nm, red trace and images M and MD). The boxed area in panels ∆X2 and M was expanded to emphasize the detailed patterns of strings of mitochondria with sarcomeric spacing that were produced by This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on November 4, 2016 as DOI: 10.1124 at ASPET Journals on November 9, 2016 jpet.aspetjournals.org
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both fluorescent compounds (∆XD1, ∆X2D, MD) and showed a high degree of colocalization (∆X2D + MD). After 6 min the cellular fluorescence intensity produced by 300 and 100 nM Xanthohumol was 130±14 (n=4) and 32±12 (n=2) respectively. In comparison the cellular autofluorescence was 350±65 so that lower concentrations of xanthohumol were not reliably detected. Confocal imaging of pre-incubated cells confirmed the dose-dependent uptake and mitochondrial distribution of xanthohumol up to concentrations of ~30 µM ( Supplementary Fig. S1 ).
Spontaneously triggered Ca 2+ sparks and waves are suppressed by xanthohumol
We first explored the effects of brief exposures of xanthohumol on generation of Ca 2+sparks and waves in freshly isolated rat ventricular myocytes. In control cells that had a high baseline spontaneous Ca 2+ spark frequency, we noted that acute application of 10nM xanthohumol consistently reduced the spark frequency within 2 minute of its application. Fig. 3 shows recordings of Ca 2+ sparks in an intact rat ventricular myocyte and strong suppression of their frequency by xanthohumol (Panel C) as seen also the supplementary movies ( Fig. S2 ). Continuous recordings showed that the effects of xanthohumol started to develop in less than 10 sec ( Fig. S3 ) while 5s measurements repeated every minute showed the effects to stabilize within minutes (Figs.
S4 and S5).
In myocytes showing lower frequencies of spontaneously triggered Ca 2+ sparks, reduction of K + or addition of isoproterenol consistently triggered Ca 2+ sparks and waves that often-resulted in cytosolic Ca 2+ oscillations. Reduction of K + to values below ~1.5 mM generally increased the diastolic Ca 2+ levels and caused a 15 folds rise (p˂0.005) in the number of Ca 2+ sparks ( Fig. S4 ). Higher concentrations of xanthohumol (50nM) were necessary to reduce the enhanced frequency of spontaneously generated sparks on K + -withdrawal. Cells subjected to longer periods of low K + often-developed severe and irregular Ca 2+ oscillations that led to loss of excitability and were not further considered.
In another set of experiments, we measured the frequency of spontaneously generated Ca 2+sparks in ventricular myocytes incubated for 30 minutes in control (5.4mM K + ) solutions containing 10nM xanthohumol. In such myocytes spontaneously developed Ca 2+ oscillations or sparks were scarce ( Fig. 4B, Fig. S5 ). The incubating effect of xanthohumol was most prominent when subjecting the myocytes to K + free solutions ( Fig. 4B ). That is, even though reduction of K + continued to increase the frequency of spontaneously occurring sparks leading to Ca 2+ -oscillations in xanthohumol-incubated cells, the frequency of such events was significantly lower (p˂0.005), than that measured in non-incubated cells ( Fig. 4 C) .
In a series of experiments carried at 35 o C, we examined the effect of xanthohumol in cells where rapid electrical stimulation induced spontaneously triggered beats under control conditions ( Fig. 4D ). In these cells 100nM xanthohumol suppressed significantly the spontaneously triggered beats without modifying the peak ∆F/F0, F0, or decay time constant (Tau) of electrically triggered Ca 2+ transients (Fig. 4F ).
In a set of experiments, exposed to 1.5mM K + showing higher frequency of spontaneously triggered Ca 2+ -oscillations (p<0.0001), though 1-5µM TTX failed to significantly reduce the frequency of spontaneously triggered events, 50nM xanthohumol markedly reduced their frequency ( Supplementary Fig. S6 ). Wash out of xanthohumol once again activated the low K + triggered increase in the frequency of Ca 2+ oscillations. This article has not been copyedited and formatted. The final version may differ from this version.
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Effects of Xanthohumol on spontaneously triggered Ca 2+ oscillations evoked by isoproterenol
In ventricular myocytes that did not show spontaneously triggered activity under control conditions, isoproterenol often increased the number of spontaneous events that were recorded in the intervals between the electrically stimulated Ca 2+ transients (Fig. 5A ). Analysis of Ca 2+signaling parameters in isoproterenol treated myocytes (magnitude, Tau, number of spontaneously occurring Ca 2+ transients and diastolic Ca 2+ ), showed that the amplitude of the Ca 2+ transients was increased by 50% (p=0.0464, Fig. 5B ) and its rate of relaxation enhanced by ~30% ( Fig. 5D ) as the frequency of spontaneous events increased by 3-4 folds (Fig. 5E ). Co-application of isoproterenol with xanthohumol (50-300nM) produced strong suppression of isoproterenoltriggered spontaneous events ( Fig. 5E ) without having a significant effect on various parameters of Ca 2+ transients ( Fig. 5B-D) . Thus it appears that xanthohumol suppresses the arrhythmogenic effects of beta-adrenergic agonists without suppressing their inotropic or relaxant effects.
Dose dependent effects of xanthohumol
Using a similar approach we examined the concentration-dependent effects of xanthohumol on amplitude and rate of decay of Ca 2+ transients at 35°C (Fig. 6 ). Each myocyte was exposed to only one concentration of xanthohumol for a period of 3 minutes to prevent progressive effects resulting from intracellular accumulations of xanthohumol. The parameters evaluated: normalized ∆F, F0 and the time constant of decay Ca 2+ transient, Tau (Fig. 6 A&C) showed that the application of xanthohumol (50-100nM) produced a slight increase in the normalized ∆F, or F0 (statistically insignificant), in the range of 10-300 nM, without much change on Tau of relaxation, until toxic concentrations (~1µM) were reached ( Fig. 6A-C) . 
Effect of Xanthohumol on modulation of Ca 2+ transients by high frequency electrical stimulation.
Electrically triggered Ca 2+ transients are enhanced in response to higher frequency of stimulation (Yaniv et al., 2015) . Fig. 7 shows an increase in the peak amplitude (panels A&C) and a decrease in the Tau value of relaxation of the Ca 2+ transient (panel B) in response to acute increase in the frequency of stimulation from 0.5 to 2 Hz. Quantification of data suggests 41.18% ± 9.743 (n=9) increase in Ca 2+ -transient peaks following a 30 seconds train of high frequency stimulation, compared to 12.14% ± 2.662 (n=4) in 50-100 nM of xanthohumol, and a 5.002% ± 0.6667 in cells exposed to xanthohumol and isoproterenol (100nM, Fig.7C ). Thus, it appears that both enhancement of Ca 2+ uptake by isoproterenol or its suppression by xanthohumol interferes with the beat-dependent enhancement of Ca 2+ transients.
Xanthohumol effects on the SR Ca 2+ stores and its rate of refilling
The aim of this set of experiments was to examine the effect of the xanthohumol on the SR Ca 2+ content and its recirculation. Figure 8 compares the magnitude of Ca 2+ transients in electrically stimulated cells paced at 0.5 Hz to Ca 2+ transient that was produced when one stimulus was replaced by a rapid application of 2.5 mM caffeine for 1 sec. The magnitude of Ca 2+ -release produced by caffeine, was taken as a measure of total Ca 2+ content of the SR and is quantified in Fig. 8 . ∆F/F signal was significantly reduced in presence of xanthohumol ( Fig. 8B ), but the fractional Ca 2+ release was not significantly reduced (Fig. 8C ). The slight suppressive effect of xanthohumol on electrically-or caffeine-triggered Ca 2+ release did not significantly alter the isoproterenol potentiating effect on ∆F/F or on the fractional Ca 2+ release (Fig. 8 B & C) , This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on November 4, 2016 as DOI: 10.1124 at ASPET Journals on November 9, 2016 jpet.aspetjournals.org
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suggesting that xanthohumol suppressive effects are not likely to be mediated through suppression of CICR or masking of PKA-phosphorylation sites. The slight increase in diastolic Ca 2+ levels (statistically insignificant) caused by xanthohumol was also reversed by isoproterenol ( Fig. 8D ).
We conclude that xanthohumol suppresses slightly the Ca 2+ content of the SR but this effect is fully reversed by isoproterenol.
To probe the effect of xanthohumol on recirculation of SR Ca 2+ and its refilling following depletion of its content by caffeine, we quantified the rate of recovery of electrically triggered Ca 2+ transients back to control levels as a measure of refilling of the SR store. Figure 9A shows almost complete recovery (91.2% ± 2.64, n=30) of Ca 2+ -transients in control cells after 7th electrically triggered beat, when compared to triggered Ca 2+ -transients prior to application of caffeine (I). Fig.   9D also shows that xanthohumol (50nM) reduced the peak of the triggered Ca 2+ -transient paced at 0.5Hz (I) by 22.66% and isoproterenol increased it by 74.12%. Xanthohumol also significantly reduced the rate of refilling of the SR (Fig. 9B ), but the effect was fully reversed by isoproterenol (Compare Fig 9A-C) ). Percent recovery of the 7 th pulse after caffeine was 91.2% ± 2.64 (n=30) in control, compared to 70.52% ± 8.13 (n=11) in 50-100nM xanthohumol, and 95.37% ± 1.18 (n=12) in xanthohumol plus isoproterenol ( Fig. 9 E) . relaxation of 2 nd and to a lesser extent the 7 th beat following recovery from caffeine-induced rise in cytosolic Ca 2+ . Our data therefore suggests that xanthohumol may interfere with rate of uptake of Ca 2+ by a mechanism that can be overridden by isoproterenol.
Temperature-dependence of xanthohumol effects
In the next set of experiments we compared the effects of xanthohumol on Ca 2+ signaling parameters using concentrations ranging between 1nM and 1µM. The experiments were carried out under perforated patch conditions both at room temperature and 35°C. Ventricular myocytes incubated in fluo-4AM were activated by 100ms depolarizing pulses from -50 to 10 mVs. At room temperature Ca 2+ current was suppressed by xanthohumol when the concentrations of the drug exceeded 100nM (Fig. 10A ). In sharp contrast at 35°C, 100-300nM xanthohumol concentrations significantly increased the Ca 2+ current. Unexpectedly, 10nM xanthohumol, at room temperature, which had little or no effect on ICa, significantly suppressed Ca 2+ -transients (compare Fig. 10 A &   B ). At room temperatures, xanthohumol also slowed the kinetics of relaxation of Ca 2+ -transients, as it suppressed its peak, at concentrations exceeding 50nM ( Fig. 10 B & C, p<0 .001). The strong suppressive effects of xanthohumol in reducing the peak and slowing the decay of the Ca 2+transients was significantly reduced at 35°C, such that only concentrations exceeding 300nM had significant effects on ∆F/F or rate of their decay (Fig 10 E & F) . We conclude that higher metabolic states of myocytes, induced by higher temperatures and adrenergic stimulation, reduce the inhibitory effects of xanthohumol on Ca 2+ -transients.
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Discussion
The major finding of this report is that xanthohumol, an anti-oxidant member of chalcone family, at nano-molar concentrations selectively suppresses the frequency of spontaneously occurring Ca 2+ sparks and Ca 2+ transients, or those triggered by electrical overdrive, low extracellular K + , and adrenergic beta-agonists exposures in ventricular myocytes. Since aberrant intracellular Ca 2+ signaling is associated with a host of cardiac pathologies, including arrhythmias, it is likely that xanthohumol might have a therapeutic potential in treatment of arrhythmias.
Cellular conditions that increase the frequency of spontaneously triggered Ca 2+ release and their silencing by xanthohumol
We chose three experimental conditions to increase the frequency of spontaneously triggered Ca 2+ -sparks or Ca 2+ -transients in enzymatically isolated ventricular cells. These experimental conditions, electrical-overdrive, low K + solutions, and exposures to isoproterenol, are known to increase the cytosolic Ca 2+ by increasing the influx of Na + and Ca 2+ via the sarcolemmal Na + channels, Ca 2+ channels and the Na/Ca exchanger, NCX. Figure 4 shows the effects of low K + on enhancing the frequency of spontaneously occurring sparks and its suppression by 50 nM xanthohumol. Much smaller concentrations of xanthohumol were effective in suppressing the frequency of Ca 2+ sparks if the myocytes were incubated in solutions containing xanthohumol for 30 minutes or longer. The higher spark frequencies noted in cells with elevated diastolic Ca 2+ might render the cells susceptible to triggered arrhythmia, which arises, we posit, from release of ROS from the mitochondria when myocytes are Ca 2+ -stressed.
This article has not been copyedited and formatted. The final version may differ from this version.
Downloaded from
The suppressive effects of 50-100 nM xanthohumol on arrhythmic beats was also apparent in a set of electrically driven (0.5 Hz) myocytes, which generated spontaneously triggered Ca 2+transients, Fig. 4 D & E. In such cells exposure of myocytes to isoproterenol further enhanced the number of arrhythmic Ca 2+ transients that were also suppressed by xanthohumol (Fig. 5B) .
Isoproterenol increased the amplitude of Ca 2+ transient by ~50% (∆F/F0 Norm. panel B, Fig. 5 ) as it enhanced the rate of decay of Ca 2+ -transients by~ 35%. Interestingly isoproterenol fully reversed the suppressive effects of xanthohumol on Ca 2+ transients and its relaxation. In cells pre-exposed to isoproterenol neither suppressive effects of xanthohumol could be detected.
It is critical to note that the xanthohumol-induced reduction in spontaneous activity occurred without a significant effect on the magnitude or kinetics of Ca 2+ currents. Xanthohumol, in the nano-molar range, had little effect on ICa or on ICa-induced Ca 2+ release (Fig. 10 A&D) , suggesting that xanthohumol does not significantly modify the normal CICR-mediated Ca 2+ signaling but did suppress spontaneously generated Ca 2+ -oscillations, perhaps secondary to its anti-oxidant properties. We tested for possible effects of xanthohumol on ryanodine binding, and found that xanthohumol did not alter Ca 2+ sensitivity of RyR2.
The apparent accumulation of xanthohumol in mitochondria (Fig. 2) and its strong antioxidant property when compared to n-acetyl cysteine, (Fig. 1) , may effectively buffer oxygen radicals generated at their source in mitochondria during periods of over-activity and Ca 2+ overload. The mitochondrial localization of xanthohumol (Fig. 2) , and its efficacy at nano-molar concentrations, may arise from possible drug accumulations at the sites of ROS generation.
Perhaps the significant differences in the efficacy of various antioxidants vis-a-vis their antiarrhythmic activities arise, in part, from their intra-cellular compartmentation. This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on November 4, 2016 as DOI: 10.1124 at ASPET Journals on November 9, 2016 jpet.aspetjournals.org
Pathophysiological implication of xanthohumol
Xanthohumol appears to reduce the Ca 2+ content of the SR (Fig. 8 ) and its rate of refilling after caffeine-induced depletion (Fig. 9 E) . Since xanthohumol also slowed the rate of decay of electrically triggered Ca 2+ transients following washout of caffeine (compare Fig 9F and 9G) , these findings may imply that SR uptake rate may be compromised. The xanthohumol effect on the rate of decay of Ca 2+ transients is more pronounced at 25°C, Fig 10 C & F , than at the physiological temperatures. Thus both higher temperatures (35°C), and isoproterenol appear to reduce or override the suppressive effects of xanthohumol on the rate of relaxation of Ca 2+ transients, as might be expected from enhancement of SERCA2a activity by higher temperatures and phosphorylation of PLB. Interestingly, however, the xanthohumol treated myocytes, even in presence of isoproterenol, seem to be resistant to triggered spontaneous beats.
In arrhythmia and heart failure significant increases in cytosolic Na + and Ca 2+ , are often reported, which may accelerate mitochondrial Ca 2+ turnover causing generation of ROS and possibly loss of mitochondrial redox potential, decrease in ATP levels, and opening of sarcolemmal KATP channels (Despa et al., 2002; Pieske et al., 2002; Baartscheer et al., 2003; Maack et al., 2006; Hou et al., 2008; Murphy et al., 2009; Zhou et al., 2009; Brown et al., 2010; Akar et al., 2011; Solhjoo et al., 2015) . In this respect xanthohumol may have a critical therapeutic effect, as its accumulation in the mitochondria will allow buffering of ROS generated at its source thus preventing the oxidizing effects of ROS on rendering RyR2 leaky that might lead to lethal arrhythmogenesis.
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